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nthesis of nitrogen-doped carbon
quantum dots from microcrystalline cellulose for
the detection of Fe3+ ions in an acidic environment

Peng Wu,ab Wei Li,a Qiong Wu,a Yushan Liua and Shouxin Liu *a

Nitrogen-doped carbon quantum dots (NCQDs) have been synthesized by the hydrothermal method with

microcrystalline cellulose as carbon source and ethylenediamine as nitrogen dopant. The synthesized

NCQDs were characterized by FT-IR, TEM, XPS, UV-vis, XRD and fluorescence emission spectroscopy. It

was found that nitrogen species were efficiently doped into the carbon framework of the CQDs. The

obtained NCQDs were spherical particles with an average diameter of 3.2 nm. Furthermore, the NCQDs

showed better fluorescence emission properties and higher quantum yield in acidic solution than CQDs.

When used as a fluorescent probe for Fe3+ detection via fluorescent quenching, high selectivity and

sensitivity were achieved, and the limit of detection of Fe3+ was as low as 0.21 nM in the acidic

environment. The quenching process of NCQDs by Fe3+ was proved to be a dynamic quenching by

using fluorescence decay times analysis.
1. Introduction

Carbon quantum dots (CQDs), which consist of carbon,
hydrogen, and oxygen, are uorescent nanoparticles with
diameters smaller than 10 nm.1 Since the rst report in 2004,2

CQDs have become an important class of uorescent nano-
particles due to their useful physical and chemical properties
including high uorescence intensity,3 easy surface function-
alization,4 good solubility,5 low toxicity, and good
biocompatibility.6

Recently, various methods including electrochemical
synthesis,7 combustion oxidation,8 thermal decomposition,9

microwave,10,11 ultrasonic,12 and hydrothermal synthesis13 have
been reported to prepare CQDs, among them, hydrothermal
synthesis is considered to be the most accessible method
because of its simple operating conditions, low energy
consumption, and low-cost apparatus.14,15 However, CQDs
prepared via this synthesis method oen suffer from low uo-
rescence quantum yield (QY) of <10%.14–16 Therefore, much
attention was paid on improving the QY and optical perfor-
mance of CQDs, among which doping CQDs with other
elements, especial with nitrogen, has been found to be an
effective way.16–19 Nitrogen-doped CQDs (NCQDs) can not only
retain the various advantages of CQDs, but also overcome their
inherent defects, which have been widely applied in catalysis,20
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ion probes,16,18 biological imaging,10 and other elds.21,22

Particularly, when it was used as uorescent probe for detecting
metal ions such as Hg2+, Fe3+, Cu2+, Pb2+, and Sn2+, NCQDs was
more sensitive than undoped CQDs.23–25 However, as so far,
most of the reports about detection of heavy metal ions are all
carried out in neutral environment due to the hydrolysis of
metal ions or weaker uorescence emission intensity of NCQDs
in acidic conditions. It is generally known, even under neutral
conditions, the solubility of many metal ions is very small
because metal ions would combine with OH� and precipitate,
which is not conducive to the reaction between of NCQD and
metal ions, and the uorescence intensity of quantum dots is
not well quenched. So, the sensitivity and accuracy of uores-
cence detection for easily hydrolyzed metal ions, especially the
heavy metal ions, are limited by pH environment. In addition,
some NCQDs used as metal ion probes are fragile under acidic
conditions,24,26 which also restricts their application in the
elds of environmental pollution and heavy metal detection.
Therefore, prepared a strong acid resistance NCQDs is still the
research focus in the eld of heavy metal ion detection.

On the other hand, the carbon sources used to prepare
NCQDs also has great inuence on its QY and optical proper-
ties. Carbon sources that can be used to prepare carbon dots are
roughly classied into three categories, graphite-based carbon
raw materials,4,5 polymer compounds,27 and other small mole-
cule compounds such as amino acids, glycerol, and citric
acid.1,28,29 CQDs prepared by graphite-based carbon source oen
require secondary modication to obtain uorescence and the
preparation process is complex. Polymer compounds and small
molecule compounds oen have the disadvantage of compli-
cated structure, expensive materials or toxicity. Therefore,
This journal is © The Royal Society of Chemistry 2017
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screening a carbon source with the characteristics of non-toxic,
extensively available, and stable composition is still a key
concern in the CQDs preparation eld. Cellulose is a linear
natural polymer consisting of 1,4-anhydro-D-glucopyranose
units, and it is the most abundant renewable macromolecular
compounds in nature and represents about y percent of
natural biomass.30 Cellulose also has many important proper-
ties, such as low price, environment-friendly, non-toxic, good
biocompatibility and stable chemical properties. Moreover, the
cellulose molecule also contains a large amount of hydroxyl and
ether groups, which could provide the elemental and structural
basis for the formation of CQDs. However, it is still difficult to
form CQDs under normal pressure and room temperature due
to the stable chemical properties of cellulose. Fortunately, in
our previous works, two kinds of water-soluble uorescent
CQDs were successfully prepared by the pentosan and larch
with hydrothermal method,20,31 indicating that CQDs could be
obtained from a plant source material containing cellulose via
the thermal degradation and carbonization processes during
the hydrothermal treatment.

In this work, NCQDs was fabricated via a facile and low cost
one-step hydrothermal treatment using the eco-friendly,
extensively available, and stable composition carbon source of
microcrystalline cellulose and the nitrogen dopant of ethyl-
enediamine, respectively. The obtained NCQDs exhibited blue
uorescence with better optical properties and high quantum
yield compared to CQDs. Due to the excellent uorescence
stability under acidic conditions, the NCQDs was successfully
applied as a uorescent probe for detecting Fe3+ ions in strong
acidic environment, and good selectivity and sensitivity to Fe3+

ions were obtained. It shows a wide linear detection range (10–
500 mM) and a low limit of detection (LOD) as low as 0.21 nM for
Fe3+ ion, which made this probe a suitable candidate for Fe3+

detection at acid conditions. The measurement results of Fe3+

in leaching solution of iron ore tailings veried this and man-
ifested their potential in practical applications.
2. Experimental section
2.1 Materials

Ethylenediamine and microcrystalline cellulose were obtained
from Kermel Chemical Reagent Co. (Tianjin, P. R. China). AlCl3,
CaCl2, CuCl2, FeCl3, FeCl2, MgCl2, MnSO4, NiCl2, NaCl, SnCl2,
ZnCl2, HCl, and H2SO4 were purchased from Guangfu Tech-
nology Development Co., Ltd. (Tianjin, P. R. China). All chem-
ical reagents were of analytical grade and were used as received.
Deionized water was used throughout all experiments.
2.2 Preparation of nitrogen-doped CQDs

Firstly, solution of ethylenediamine with a constant carbon-to-
nitrogen mole ratio of 1 : 0.8 was prepared. Then, 2.0 g of
microcrystalline cellulose was added to the ethylenediamine
solution (60 ml). Comparatively, 2.0 g of microcrystalline
cellulose in 60 ml of water was also prepared as a blank sample.
The two obtained solutions were placed in p-polyphenol-lined
stainless steel autoclaves, respectively. The autoclaves were
This journal is © The Royal Society of Chemistry 2017
sealed and heated in an oven for 12 h at 240 �C, and then
allowed to cool to room temperature. The products were
centrifuged at 10 000 rpm for 10 min. The resulting suspen-
sions containing NCQDs and CQDs were ltered through
0.22 mm lter membranes, and then subjected to dialysis
(1000 Da molecular weight cut off) for about 72 h.

2.3 Characterization

A Tecnai G2 F20 electron microscope (FEI, Holland) with an
acceleration voltage of 200 kV was used to obtain transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
images. Fourier-transform infrared spectra (FT-IR) were recor-
ded on a Perkin Elmer TV1900 instrument (Waltham, MA, USA).
Spectra were recorded from 400 to 4000 cm�1, at a resolution of
4 cm�1. X-ray photoelectron spectra (XPS) were recorded on
a Physical Electronics PHI 5400 spectrometer (Physical Elec-
tronics, USA), using Al-Ka radiation (hv ¼ 1486.6 eV). Binding
energies were referenced to the C1s line at 284.6 eV. UV-vis
absorption spectra were obtained using a Specord S600 UV-vis
spectrometer (Analytik Jena AG, Germany). X-ray diffraction
(XRD) measurements were carried on D8 advance instrument
(Bruker AXS, Germany) with Cu Ka radiation. Fluorescence
emission spectra were recorded using a LS-55 uorescence
spectrophotometer (PerkinElmer, USA), equipped with a 120 W
xenon lamp the excitation source. Fluorescence decay time was
detected by a FluoroLog-3 uorescence spectrophotometer
(Jobin Yvon Inc., USA), and the excitation wavelength is 370 nm.

2.4 Quantum yield measurements

The QY of NCQDs was calculated according to the literature.17 In
brief, quinine sulfate (0.1 M H2SO4 as solvent), which QY is
about 54%, was chosen as a reference standard. The UV
absorbance of all the samples was adjusted to below 0.05 to
minimize the inner lter effect. Then the calculation was per-
formed according to the following equation:

Fu ¼ Fs(Yu/Ys)(As/Au)(hs/hu)
2

where the subscripts u and s indicate values for NCQDs and
quinine sulfate, respectively,F is the QY, Y is the integrated area
of the uorescence emission peak, A is the absorbance at
360 nm, and h is the refractive index (hs ¼ 1.369, hu ¼ 1.332).

2.5 Metal ion detection

The NCQDs acidic solution was prepared by dissolving the
NCQDs in hydrochloric acid solution (pH ¼ 1) and then
adjusted its UV absorbance to 0.10 Abs at the labs¼ 360 nm. The
various metal ion salt, such as FeCl3, FeCl2, AlCl3, CaCl2, CuCl2,
MgCl2, MnSO4, NiCl2, NaCl, SnCl2, and ZnCl2, were also dis-
solved in hydrochloric acid solution (pH ¼ 1) with the appro-
priate amount and adjusted their concentrations to 2 mM. In
a typical detection experiment, 2 ml NCQDs solution was added
into 2 ml metal ions solution to form the solution under test,
and uorescence intensity changes of it was measured aer
reaction for 3 min. To evaluate the sensitivity towards Fe3+,
different concentration of 0.01 mM to 2 mM (pH ¼ 1.0) were
RSC Adv., 2017, 7, 44144–44153 | 44145
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View Article Online
added into the NCQDs acidic solution and the mixed solution
also reacted for 3 min before spectral measurements. All
samples were excited at l ¼ 360 nm, and uorescence emission
intensities were recorded at a wavelength of 440 nm.
3. Results and discussion
3.1 Synthesis and structure characterization of NCQDs

The preparation of the CQDs is based on the degradation,
reduction, and carbonition of microcrystalline cellulose during
hydrothermal condition at 240 �C for 12 h. As illustrated in
Fig. 1, the schematic representation for the structure of CQDs
contains a carbon nuclear and the oxygen-containing functional
groups on the surface of it. When ethylenediamine was present
in the reaction system, not only some nitrogen-containing
functional groups were formed, but also N atoms (represented
by red ball) were introduced into the carbon nuclear lattice
through the high temperature hydrothermal process, and the
NCQDs were obtained.

Fig. 2a shows the TEM images of NCQDs sample. It is
obvious that the synthesized NCQDs display spherical nano-
particles morphology, and the particles are uniform distributed
without agglomeration. The size distributions of NCQDs are in
the range of 0.5–6.5 nm, and the average diameter is about
3.2 nm (Fig. 2b). The HRTEM image (Fig. 2c) shows that most
particles present an obvious lattice fringes, and the inset indi-
cates that the NCQDs have a stripe-like structure with lattice
spacing of 0.21 nm, which is close to the (100) diffraction facet
of graphite carbon.18 This implies that the NCQDs possess
a graphite-like structure.

The XRD pattern of NCQDs is shown in Fig. 2d. A broad
diffraction peak at 24.0� (d002 ¼ 0.34 nm) and a weak peak at
43.4� (d100 ¼ 0.21 nm) were observed in NCQDs, revealing an
amorphous carbon phase and partial graphitization of NCQDs,
which are attributed to the existence of abundant functional
groups and graphitization of carbon atom,32 respectively. These
results further conrmed that a graphite structure exists in the
carbon core of NCQDs. All above results suggest that tiny carbon
Fig. 1 The synthesis illustration of CQDs and NCQDs.

44146 | RSC Adv., 2017, 7, 44144–44153
dots were obtained by the transformation of microcrystalline
cellulose with ethylenediamine through the hydrothermal
synthesis, and their carbon core structures were comparable to
that of graphite.

Furthermore, the doping of N species in NCQDs was
conrmed by FT-IR spectra and XPS spectra measurements.
Fig. 3a displays the FT-IR spectra of NCQDs and CQDs. The
characteristic absorption peaks of the CQDs at 3370, 2965, and
1680 cm�1 corresponds to O–H, C–H, and C]O stretching
vibrations, respectively. The peak at 1400 cm�1 is attributed to
the in-plane deformation of O–H.33 The peak at 1056 cm�1 is
attributed to the C–O vibration of C–O–C groups. The FT-IR
spectra of CQDs and NCQDs both presence an absorption
peak at around 1580 cm�1, indicating the formation of unsat-
urated C]C bonds within carbon cores, which is consistent
with other reports.34,35 Comparatively, the spectrum of NCQDs
contains several special bands between 1210 cm�1 and
1680 cm�1, which correspond to the characteristic stretching
vibration of CN bonds.36 In addition, the bending vibration of
N–H also appears between 700 cm�1 and 830 cm�1, specically,
the peaks at 1646 cm�1, 1481 cm�1, 1334 cm�1 and 1270 cm�1

are assigned to the typical stretching modes of N–C]O,
heterocyclic C–N–C, N–(C)3 and C–N–C bonds.37 These results
conrmed that the N-containing groups were formed via
chemical reaction between ethylenediamine and microcrystal-
line cellulose, and N species was efficiently doped into the
framework of the CQDs.

XPS spectra were also performed to investigate the chemical
composition of CQDs and NCQDs. As seen in Fig. 3b, the XPS
survey spectrum of CQDs displays only the presence of oxygen
(O1s at 531.5 eV) and carbon (C1s at 284.6 eV) peaks, while that
of NCQDs exhibits three peaks at 284.6, 399.4, and 531.5 eV,
corresponding to C1s, N1s, and O1s, respectively. The presence
of strong N1s signal further conrms the formation of nitrogen-
doped carbon dots. The spectrum of C1s region can be decon-
voluted into ve peaks corresponding to different C species
(Fig. 3c). The dominant peak at 284.6 eV arises from sp2-
hybridized (C]C) and sp3-hybridized (C–C) carbon, while the
weak peaks at around 285.8, 286.7, 287.4 and 288.6 eV are
attributed to C–N, C–O–C, C–C]O and O–C]O and/or C]N
bonds, respectively. In the spectrum of N1s (Fig. 3d), three
peaks of sp2-hybridized C]N–C, porphyrin C–N–C, and
amino N in the form of N–(C)3 or H–N–(C)2 can be clearly
observed at 398.4, 399.3 and 400.0 eV,18,19,36 respectively, which
also demonstrated that nitrogen has been successfully doped
into the structure of NCQDs. This is consistent with the results
of FT-IR spectroscopy analysis.
3.2 Optical properties of NCQDs

The UV-vis spectra of the CQDs and NCQDs are shown in
Fig. 4a. Both CQDs and NCQD exhibit absorption band in the
ultraviolet region due to the absorption of the aromatic
p system or the n–p* transition of carbonyl groups.3 The
absorption peak of CQDs centered at about 242.5 nm can be
ascribed to p–p* transition of the C]C bond.17,38 While the two
broad peaks of NCQDs shown at around 274.50 and 340.0 nm
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) TEM images, (b) the size distributions histogram, (c) HRTEM images, and (d) XRD pattern of NCQDs. Inset of (c) shows enlarged image
of HRTEM.
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are originated from aromatic p system and n–p* transition of
the C]O/C]N bond, respectively.39,40 It is concluded that the
absorption peaks of the CQDs red-shi aer N-doping due to
the existence of amino groups which act as an auxochrome. The
combination of CQDs with some auxochromes can shi
absorption peaks to longer wavelengths, and change their
absorption intensity. Therefore, it is reasonable to assume that
nitrogen groups containing unshared electron pairs have reac-
ted with the CQDs, and C]C bonds which absorb at 250–
280 nm, together with C]N and/or C]O bonds which absorb
at around 343 nm were involved in the structure of NCQDs.33

Besides, when irradiated with UV light (360 nm), the water-
soluble CQDs and NCQDs exhibit green and bright blue,
respectively (the inset of Fig. 4a). This observation clearly indi-
cated that the CQDs and NCQDs had different UV absorption
properties and uorescence emission properties.

The uorescence emission spectra with excitation wave-
length (lex) at 360 nm also revealed the difference between
NCQDs and CQDs aqueous solutions (pH ¼ 4). As seen in
Fig. 4b, not only the uorescence emission intensity of NCQDs
is stronger than that of CQDs solutions with the same concen-
tration, but also the blue-shi of the maximum uorescence
emission wavelength (lem) of NCQDs is occurred. The
This journal is © The Royal Society of Chemistry 2017
uorescence emission intensity of NCQDs is 7.1 times (calcu-
lated by two peaks area) stronger than that of CQDs, and it can
be explained by the reduction of non-radiative recombination
centers reduction on the NCQDs surface.41 Upon this mecha-
nism, the collision of an oxygen molecule with an excited state
quantum dots can lead to non-radiative energy transfer, i.e.
uorescence quenching, which results in the decrease of the
uorescence emission intensity. As indicated by IR and XPS,
some oxygen groups such as epoxy, ether and carboxyl are
formed on the surface of CQDs via hydrothermal process.21 Due
to they act as non-radiative recombination centers, CQDs have
weaker uorescence emission capability. Fortunately, through
adding ethylenediamine, the groups of epoxy, ether, and
carboxyl can be reduced by the nucleophilic reaction with
amidogen.42,43 So, NCQDs contains few non-radiative recombi-
nation centers. In addition, amination and/or amidation also
create radiative recombination centers, such as amine (–C–N–)
and amide groups (R2–NCOR), which belong to electron-
donating groups. These electron-donating groups and p-elec-
trons that existed in –C]N group can enhance the uorescence
intensity of a substance.44 Therefore, N-doping can effectively
enhance the uorescence emission properties of NCQDs, and
acquire higher QY than CQDs. The QYs of CQDs and NCQDs
RSC Adv., 2017, 7, 44144–44153 | 44147
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Fig. 3 (a) FT-IR spectra of NCQDs and CQDs, (b) XPS survey spectrum of NCQDs and CQDs, (c) C1s high-resolution spectra of NCQDs, and (d)
N1s high-resolution spectra of NCQDs.

Fig. 4 (a) UV-vis absorption spectra of NCQDs and CQDs. The inset shows digital photographs of CQDs and NCQDs irradiated at 360 nm. (b)
Fluorescence emission spectra of NCQDs and CQDs excitated at 360 nm, with A360 < 0.05. The inset shows the QYs of the NCQDs and CQDs.
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calculated using quinine sulfate as a standard sample are
shown in the inset of Fig. 4b, which indicates that N-doping
increases the QY to 51%, much higher than those in previous
reports.3,17 In summary, all these results suggest that the uo-
rophore of NCQDs differs from CQDs, and the uorescence
emission capability and QYs of carbon dots were enhanced
effectively by N-doping.

To investigate the effect of chemical environment on the
uorescence characteristics of NCQDs, the uorescence emis-
sion intensity and QY were also measured under different pH
values. Fig. 5a shows UV-vis absorption curves of NCQDs
44148 | RSC Adv., 2017, 7, 44144–44153
recorded at pH 1–14. The prole of the spectrum is unchanged
at pH 1–11. However, the prole of NCQDs absorption spectra at
280–310 nm changes signicantly at pH 12–14. The reason for
this may be that hydroxyl and other acidic groups on the surface
of NCQDs react with OH� under strongly alkaline conditions
and form resonance structures, leading to red-shis and
increase of the UV-vis absorption peak.

Fig. 5b shows the effect of pH value on the uorescence
emission of NCQDs. The uorescence emission intensity is
enhanced under strong acid conditions (pH # 3), weakened
under strong alkaline conditions (pH $ 12), and retains
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) UV-vis absorption spectra of NCQDs at different pH values. (b) Fluorescence emission spectra of NCQDs at different pH values. Inset
shows QYs at different pH values.
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constant under others conditions (3 < pH# 11). In addition, the
maximum lem was blue-shis from 436 nm to 426 nm at pH ¼
14 and remain the same under other pH conditions. These
results show that the surface state of the NCQDs is affected by
the pH value due to the protonation and deprotonation of
carboxyl, hydroxyl, and amido groups on the NCQDs surface,
which affect the position and intensity of the uorescence
emission. This is consistent with UV-vis analysis. The inset in
Fig. 5b shows the QYs of NCQDs under different pH conditions.
The QYs maintain a relatively high level about 54–55% at pH 1–
3, 48–51% at pH 4–11, and decreases to 12% at pH ¼ 14.
Therefore, a high and stable QY can be obtained when pH# 11,
especially under acidic environment. The excellent optical
properties and acidic resistance of NCQDs would be advanta-
geous in the prolonged detection and monitoring of metal ions
in acidic condition.
3.3 Detection of metal ions in acidic environment

Many reported CQDs used as metal ion probes are fragile under
acidic conditions, which restricts their application in the elds
of environmental pollution and heavy metal detection.24,26,38

While, the obtained NCQDs possess excellent uorescence
properties in strong acidic environment. What's more, the
oxygen and nitrogen functional groups on the surface of NCQDs
Fig. 6 (a) Relative fluorescence intensities of NCQDs in the presence
wavelength is 360 nm. (b) FL spectra of NCQDs in the presence of 0.00

This journal is © The Royal Society of Chemistry 2017
can interact with metal ions to form complexes by coordination.
Therefore, the feasibility of NCQDs as a probe for metal ion
detection in acidic environment was investigated in detail
under the condition of pH ¼ 1 (adjusted with HCl).

To explore the selective detection of various metal ions, Na+,
Mg2+, Ca2+, Mn2+, Fe3+, Fe2+, Ni2+, Cu2+, Zn2+, Al3+ and Sn2+ were
added to the NCQDs acidic solution, and the changes in the
uorescence intensity were recorded. Fig. 6a shows the relative
uorescence intensities of NCQDs in the presence of various
metal ions at the concentration of 1 mM with the excitation
wavelength of 360 nm. Comparatively, NCQDs shows the
highest uorescence quenching towards Fe3+ ions, which was
almost 96%. While the uorescence quenching towards Ni2+,
Cu2+, and Fe2+ ions is no more than 30% and quite weak
towards other ions with the same concentration. The high
uorescence quenching effect of Fe3+ may originate from the
fast electron transfer between Fe3+ and oxygen-rich and
nitrogen-rich groups on the surface of NCQDs.45–47 Compared
with other cations, electron-decient Fe3+ has a higher binding
affinity towards the electron-rich groups, so, it is easier to
interact with electron-donating groups, such as –NHR, –OH,
–NH2 and –OR on the surface of NCQDs. For this coordination
interaction, electron in the excited state of NCQDs would
transfer to the unlled orbit of Fe3+, and lead to nonradiative
electron/hole recombination, which results in the high
of various metal ions at the concentration of 1 mM. The excitation
01 and 0.1 M Cl�.
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uorescence quenching.18,47 For Ni2+, Cu2+, and Fe2+ ions,
although they can also react with electron-donating groups in
the NCQDs, their electrophilic ability is weaker compared with
Fe3+, which may lead to lower uorescence quenching than that
of Fe3+.

The weak uorescence response of ions excluding Ni2+, Cu2+,
and Fe2+ indicates that both the cation (metal ions) and the
counter anion (Cl�) used in the system have no effect on the
uorescence quenching. However, to further investigate the
effect of counter anion (Cl�), NaCl was used to adjust the
concentration of Cl� in the testing system due to the cation Na+

has no effect on the uorescence emission (displayed in Fig. 6a).
It is found in Fig. 6b that counter anion (Cl�) with concentra-
tion of 0.0001 M and 0.1 M had almost negligible impact on the
uorescence emission, indicating that Fe3+ is solely responsible
for the uorescence quenching.

Since the excellent uorescence quenching effect of Fe3+, it
was further study by varying the concentration of Fe3+. Different
concentrations of FeCl3 were added to NCQDs acidic solution,
and the uorescence emission intensity was measured. Fig. 7a
shows a gradual decrease in the uorescence emission intensity
of NCQDs at around 436 nm as the FeCl3 concentration
increases from 0.01 mM to 1 mM. This indicates that Fe3+

quenches the uorescence of NCQDs in acidic environment.
Fig. 7 (a) Fluorescence emission spectra of NCQDs in the presence of va
40, 80, 120, 160, 200, 240, 280, 320, 360, 400, 500, 750, and 1000 mM,
efficiency and Fe3+ concentration. (b) The relationship between fluoresc

Table 1 Comparison of the presented system with other reported N-do

Chemosensors QYs (%) Linear range (mM)

N-CDs 15.13 6–200
C-dots 50.78 0.01–100
CDs 15 5.0–50.0
NCDs — 0–20
CNPs 5.42 0–25
CA + Phen 10 0–50
N, S, C-dots 13 0.002–3
GQDs 12.67 0.05–200
C-QDs 52 2–50
NCQDs 55 10–500

44150 | RSC Adv., 2017, 7, 44144–44153
Fig. 7b shows the relationship between uorescence intensity
and Fe3+ concentration. There is a linear correlation between
the quenching efficiency and Fe3+ concentration at 10–500 mM.
The Fe3+ concentration can be calculated using the following
tting equation, and the correlation index (R2) is 0.9967.

F ¼ 891.02 � 0.9343 � [Fe3+] ([Fe3+] ¼ 10–500 mM)

Furthermore, the limit of detection (LOD) was estimated
based on the following equation: LOD ¼ 3S/b, where S is the
standard deviation of the blank sample (n ¼ 11) and b is the
slope of the tting curve. The LOD of Fe3+ was down to 0.21 nM
in hydrochloric acid solution. The result shows that NCQDs is
feasible for detecting trace Fe3+ by uorescence quenching with
excellent sensitivity. When compared with some other reported
N-doping probes for determination of Fe3+, the presented
NCQDs provided higher QY and superior detection limit than
that of other reported sensing systems (Table 1). What's more,
the NCQDs are the only chemical sensors that detect Fe3+ ions
in a strongly acidic environment.

Usually, uorescence quenching originates from static or
dynamic quenching. Static quenching involves the formation of
the complex by combining the ground state uorescence
molecule with the quencher, while in dynamic quenching the
rious concentration of Fe3+ (from top to bottom, 0, 0.01, 0.1, 1, 10, 20,
lex ¼ 360 nm). The inset displays the relationship between quenching
ence emission intensity and Fe3+ concentration.

ped CQDs for Fe3+ detection

LOD (nM) Detection environment Ref.

800 PBS, pH ¼ 7.4 18
75 Tris–HCl, pH ¼ 7.4 25
25 Doubly deionized water 35
— PBS, pH ¼ 6.8 38
1060 Tap water 46
35 HEPES solution, pH ¼ 7.4 48
0.22 NaAc–HAc solution, pH ¼ 5.5 49
50 PBS, pH ¼ 7.4 50
1300 PBS, pH ¼ 7 51
0.21 HCl solution, pH ¼ 1.0 This work

This journal is © The Royal Society of Chemistry 2017
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collision of excited uorescence molecule with the quencher.48

To better explore the uorescence quenching mechanism of
NCQDs by Fe3+, the quenching equation was calculated
according to the Stern–Volmer equation:

F0/F ¼ KSV[Q] + 1

where KSV is the Stern–Volmer quenching constant, and Q is the
Fe3+ concentration. F0 and F are the uorescence intensities of
NCQDs at 440 nm in the absence and presence of Fe3+,
Fig. 9 (a) The fluorescence recovery of NCQDs by EDTA. (b) The reversi
Fe3+ (the inset). (c) The reversible switching cycles. (d) The fluorescence

Fig. 8 Fluorescence decay curves of NCQDs in the absence and
presence of Fe3+ ions.

This journal is © The Royal Society of Chemistry 2017
respectively. As shown in the inset of Fig. 7a, a good linear
relationship between F0/F and Fe3+ concentration is observed
over the range of 10–240 mMwith a correlation coefficient (R2) of
0.9979. Since the life-time of uorophore is not affected by the
static quenching, life-time measurement is a denitive method
to distinguish between static and dynamic quenching.38 The
uorescence decay times of NCQDs in the presence and absence
of Fe3+ ions were detected and showed in Fig. 8. It was found
that the average life-time of NCQDs exhibited obvious shi from
4.9 ns to 4.2 ns before and aer adding Fe3+ to the NCQDs acid
solution, indicating a dynamic quenching process for the uo-
rescence quenching of NCQDs by Fe3+.

The reversibility of uorescence probes is one of the most
important indicators to evaluate its potential application. To
examine the uorescence recoverability, EDTA solution with
different concentrations was added to the NCQDs-Fe3+ system,
respectively. As shown in Fig. 9a, the quenched uorescence
was recovered gradually from 51.2% to 90.2% when the EDTA
was added from 0 mM to 0.72 mM. It suggested that EDTA can
restore the uorescence by remove Fe3+ from the surface of
NCQDs, which make the uorescence quenching process
recoverable. In addition, 0.36 mM Fe3+ and 0.72 mM EDTA were
alternately added to NCQDs solution to study uorescence
reversibility of the NCQDs. As shown in Fig. 9b and the inset,
Fe3+ can turn-off the uorescence (the inset) and EDTA can turn-
on the uorescence, this switchable uorescence “off-on”
ble fluorescence spectra of NCQDs when alternately added EDTA and
quenching of leaching solution of iron ore tailings to NCQDs.

RSC Adv., 2017, 7, 44144–44153 | 44151
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process displays a good reversibility. Even aer 5 cycles, as
shown in Fig. 9c, about 60% of the maximum uorescence
emission ability could still be retained. The reason for the
switchable uorescence may be attributed to the competitive
response of NCQDs and EDTA to Fe3+ ions. All the results
indicated that uorescence quenching of Fe3+ to NCQDs has
relative high reversibility.

In order to evaluate the feasibility of the presented sensor to
practical application, the concentration of Fe3+ in leaching
solution of iron ore tailings (obtained from Qiupigou iron ore in
Harbin, China) was analyzed by this uorescence quenching
method. A certain amount of K2MnO4 was added in the HCl
pretreated leaching solution. Then, the solution was ltered
with 0.22 mm nitrocellulose lters and the pH was adjusted to 1
for the uorescence quenching examination, and four parallel
tests were performed. In order to evaluate the accuracy of this
uorescence quenching method, a standard method of phe-
nanthroline spectrophotometry was also carried out for ref. 52.
Fig. 9d displayed that the practical sample also shows good
quenching effect to NCQDs. The concentration of Fe3+ in this
practical sample was calculated according to the uorescence
emission intensity in Fig. 9d. It was found that the concentra-
tion of Fe3+ measured by the uorescence quenching method
was 189.4 mM, which is comparable to that of phenanthroline
spectrophotometry method (181.7 mM). What's more, the stan-
dard deviation of the uorescence quenching method was 4.2 (n
¼ 4). When the t-test was applied to evaluate the systematic
error of the method, the calculated t-value was 1.98, which less
than t0.95,3 (t0.95,3 ¼ 4.30), indicating high accuracy of this
method. All these results conrmed that the developed method
is a potential strategy for detection of Fe3+ in acidic wastewater.

4. Conclusion

NCQDs were synthesized by a facile and low-cost hydrothermal
synthesis, usingmicrocrystalline cellulose and ethylenediamine
as the carbon sources and nitrogen sources, respectively. The
NCQDs exhibit excellent photoluminescence, high QY in acidic
conditions. NCQDs are an effective uorescent probe for
detecting Fe3+ concentrations of 10 mM to 500 mM and the LOD
is as low as 0.21 nM in hydrochloric acid solution at pH¼ 1, and
themechanism of the quenching process is dynamic quenching
with relative high reversibility. It is expected that this strategy
may offer a new approach for developing low-cost and sensitive
probe for metal ion detection in acidic environment.
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